Rheumatic heart disease (RHD) is still a major health problem in several countries due to the heart lesions that follow a rheumatic fever (RF) episode in 30-45% of patients. The incidence of acute RF (ARF) in some developing countries exceeds 50 per 100,000 children. The worldwide prevalence of RHD is at least 15.6 million cases, and this disease is responsible for around 233,000 deaths/year.\[[@ref1]\] RHD results from autoimmune reactions triggered by an untreated *S. pyogenes* throat infection leading to severe valvular damage in genetically susceptible individuals. Recurrences of ARF play an important role in the worsening of valvular lesionss.\[[@ref2][@ref3]\]

In the present review, we focus on genetic susceptibility factors, their role in the development of RF and RHD, and the mechanisms that lead to autoimmune reactions and permanent valvular damage. Animal models of the disease will also be discussed, as will prospective vaccines for the prevention of RF and RHD.

INNATE AND ADAPTIVE IMMUNE RESPONSES : A BRIEF REVIEW {#sec1-1}
=====================================================

Protection against pathogens in the humans relies on complex interactions between innate and adaptive immunity. Most of the pathogens that enter the body are recognized initially by the innate immune system.\[[@ref4]\] This defense mechanism is not antigen-specific and is instead focused on the recognition of a limited number of specific patterns that are shared by groups of pathogens (pathogen-associated molecular patterns -- PAMPs) by pattern recognition receptors (PRRs) in the host. These PRRs can be soluble in human serum or cell-associated.\[[@ref5][@ref6]\]

The molecules that initiate the complement cascade are examples of soluble PRRs. The complement system is part of the innate immune system and consists of many proteins involved in a cascade of proteolysis and protein complex assembly that culminates in the elimination of invading pathogens.\[[@ref6]\] Several components of the bacterial cell surface combine with PRRs such as Ficolin family of proteins, or Mannan binding lectins (MBL). These complexes, in turn combine with serine proteases and lead to complement activation via lectin pathway resulting in opsonophagocytosis of the invading pathogen, apoptosis, or modulation of inflammation.\[[@ref7]--[@ref10]\]

Toll-like receptors (TLRs) are pivotal cell-associated PRRs in the innate immune system. These receptors are capable of recognizing a wide spectrum of organisms, including viruses, bacteria and other parasites, and are classified into different groups based on their localization (cell surface or intracellular) and the type of PAMPs they recognize. TLR activation leads to the production of proinflammatory cytokines that enable macrophages and dendritic cells (DC) to eliminate invading pathogens. DCs can stimulate T cell expansion and differentiation, initiating an adaptive immune response.\[[@ref4]\] The molecules produced during the innate immune response act as signals to activate adaptive immune responses. Antigen presenting cells (APCs), such as DCs, are activated and express costimulatory (CD80 and CD86) and MHC molecules on their cell surface that enable these cells to present processed antigens to T cells through the T cell receptor (TCR). Class I MHC molecules, such as HLA-A, -B and -C, present peptides derived from intracellular pathogens to CD8^+^ T cells, while class II MHC molecules, such as HLA-DR, -DQ and --DP, present peptides derived from extracellular pathogens to CD4^+^ T cells, which secrete a wide range of cytokines and have both effector and regulatory roles. Cytokines such as TNF-α and IFN-γ act at the site of infection and can affect pathogen survival and control the immune response. Activation of CD4^+^ T cells not only leads to the expansion of CD4^+^ effector cells, but also can promote the expansion and differentiation of antigen-specific CD8^+^ T cells and B cells.\[[@ref4]\]

RF AND RHD - GENETIC SUSCEPTIBILITY {#sec1-2}
===================================

The molecules involved with both innate and adaptive immune responses described above are encoded by genes that are associated with RF/RHD \[[Figure 1](#F1){ref-type="fig"}\] and will be discussed below.

![Genes involved with development of Rheumatic Fever and Rheumatic Heart Disease. Several genes controlling innate and/or adaptive immune responses are involved with the development of the disease](APC-4-13-g001){#F1}

Toll like receptor - TLR2 is encoded by a gene located on chromosome 4 in the 4q32 region. A single nucleotide polymorphism (SNP) in exon 3 (2258 G\>A) leads to the replacement of arginine with glutamine in codon 753. The genotype 753 *Arg/Gln* was present more frequently in a Turkish ARF cohort compared with controls.\[[@ref11]\] A recent study reported that human cardiac myosin (HCM) binds to TLR2 and TLR8, thus activating human monocytes to release proinflammatory cytokines. These data suggest that pathogenic T cell epitopes from human cardiac myosin may link innate and adaptive responses to promote chronic inflammation in the myocardium.\[[@ref12]\]

Polymorphisms in the ficolin genes may yield different serum ficolin protein level.\[[@ref13]\] These differences may be important for the pathogenesis of ARF, by causing a prolonged or repeated infections. Polymorphisms in the promoter of the FCN2 gene for L ficolin , a protein that binds to Streptococcus pyogenes, may be important. Haplotype GGA was found more frequently in chronic RHD patients compared to the controls in a study from Brazil.\[[@ref14]\]

Similarly, MBL is a member of the lectin pathway of the complement system, as mentioned previously, and plays an important role in innate immune responses by promoting clearance of the bacteria. SNPs have been identified in the promoter region of the *MBL2* gene (*-550 H/L, -221X/Y and +4P/Q*) and in exon 1 (codons *52A/D, 54A/B and 57A/D*) and have been analyzed in patients with RF/RHD.

Interestingly, different alleles were associated with different clinical pictures of the disease. RHD patients that developed mitral stenosis (MS) showed an association with the A allele (*52A, 54A and 57A*) that codes for high production of MBL, and this association correlated with high serum levels of MBL protein in most of the patients studied. Genotypes associated with high production of the protein (*YA/YA and YA/XA*) were more frequent in patients with acute and chronic carditis, when compared to the controls.\[[@ref15]\] In contrast, the majority of RHD patients that developed aortic regurgitation (AR) showed an association with the O allele (*52D, 54B* and *57D*). The O allele codes for low production of MBL, and most of the patients studied had low serum levels of MBL.\[[@ref16]\] These results suggest that the *MBL2* gene could play a role in the development of valvular lesions.

A receptor for the Fc fragments of immunoglobulin G (FcgRIIA) protects the host against foreign antigens by removing antigen-antibody complexes from circulation.\[[@ref17]\] The gene for this receptor which is expressed on mononuclear phagocytes, neutrophils, and platelets, may exhibit single nucleotide polymorphism in the exon 4. These alleles are expressed in a codominant manner and differ in their ability to bind to human IgG2.\[[@ref18]\] In Caucasian Turkish children, the *131R/R* genotype was associated with a high risk of developing RF and *131H/R* with an intermediate risk. Preliminary studies showed that polymorphonuclear leukocytes from subjects homozygous for 131R/R also exhibited reduced uptake of opsonized group B streptococci and other bacteria.\[[@ref19]\]

CYTOKINES {#sec1-3}
=========

Cytokines seem to play a pivotal role in the activation of immunological and inflammatory responses in RF. It has been shown that peripheral blood mononuclear cells (PBMC) from children with RF produce more TNF-α than healthy controls.\[[@ref20]\] Moreover, interleukin-6 (IL-6) and TNF-α are considered inducers of the acute phase of RF and are strongly correlated with C-reactive protein.\[[@ref21][@ref22]\]

TNF-α is a proinflammatory cytokine that has been associated with the severity of different autoimmune and inflammatory diseases. The gene that encodes this cytokine is located within the MHC region on chromosome 6p21.3. This region is highly polymorphic, and the TNF-alpha gene also contains a large number of polymorphisms.\[[@ref23]\] Some of these were investigated in RF/RHD patients in different countries. An SNP in the promoter region of TNF-alpha (-308A) was associated with susceptibility to RHD in Mexico, Turkey, Brazil, and Egypt.\[[@ref21]--[@ref26]\] The TNF-alpha -238G allele was also associated with RHD in Mexican and Brazilian patients.\[[@ref24][@ref25]\] The TNF-alpha gene has a proinflammatory effect and is probably associated with the exacerbation of the inflammatory response in RF/RHD patients who present with high serum TNF-α levels\[[@ref20][@ref22][@ref27][@ref28]\] and large numbers of TNF-α-producing cells in the throat and valves.\[[@ref29]\]

Polymorphisms in other cytokine genes have also been investigated and seem to be involved with the disease. These include TGF beta1,\[[@ref30]--[@ref31]\] interleukin-1 receptor antagonist (IL1Ra),\[[@ref32]\] interleukin 10,\[[@ref21]\] amongst others. In Taiwanese RHD patients, both the -509T and 869T alleles of TGF beta 1 were found to be risk factors for the development of valvular RHD lesions.\[[@ref30]\] Similar results were found in Egyptian patients.\[[@ref31]\] RHD patients from Egypt and Brazil with severe carditis showed low frequencies of allele 1 for IL1Ra, suggesting the absence of control of the inflammatory process.\[[@ref21][@ref32]\]

Interleukin-10 (IL-10) is one of the most important anti-inflammatory cytokines, together with TGF-β and IL-35. It is produced by activated immune cells, especially monocytes/macrophages and T cell subsets, including regulatory T cells (Tr1 and Treg) and Th1 cells. IL-10 acts through a transmembrane receptor complex, and regulates the functions of many different immune cells.\[[@ref33]\] The gene encoding human IL-10 is located on chromosome 1. A large number of polymorphisms have been identified in the IL-10 gene promoter. The genotype IL-10 -1082G/A that is overrepresented in RHD Egyptian patients is associated with the development of multiple valvular lesions (MVL) and with the severity of RHD.\[[@ref21]\] More recently, polymorphism in cytotoxic T cell Lymphocyte antigen 4 (CTLA-4), which is a negative regulator of T cell proliferation has also been shown in Turkish RHD patients.\[[@ref34]\]

HUMAN LEUCOCYTE ANTIGEN {#sec1-4}
=======================

Human leucocyte antigen (HLA) molecules are encoded by the HLA genes (-A, -B, -C, -DR, -DQ and -DP), which are located on the short arm of human chromosome 6. Early studies of susceptibility for RF/RHD pointed out the association of the disease with several HLA class II alleles, mainly those encoded by the DR and DQ genes.

Several HLA class II alleles were described in locations around the world \[[Figure 2](#F2){ref-type="fig"}\].\[[@ref35][@ref36]\]

![RF/RHD associated HLA class II alleles: distribution around the world Several identified alleles by serology in the 80\'s and/or molecular biology after the 90\'s were shown. Americas: (USA, Mexico, Martinique, South of Brazil); Asia: (Paquistan-Kashmir, North India, Latvia, Japan, South China), United Arab Emirates: (Saudi Arabia) Europe-Asia: (Turkey), Africa: (South Africa and Egypt)](APC-4-13-g002){#F2}

The HLA-DR7 allele that was found in Brazilian, Turkish, Egyptian, and Latvian patients could be considered the HLA class II gene that is most consistently associated with RF/RHD. HLA-DR4 and -DR7 are associated with HLA-DR53 \[[Figure 2](#F2){ref-type="fig"}\]. In addition, the association of HLA-DR7 with some HLA-DQB or -DQA alleles may be related to the development of multiple valvular lesions (MVL) in RHD patients in Egypt and in Latvia.\[[@ref37]--[@ref39]\]

The molecular mechanism by which HLA class II molecules confer susceptibility to autoimmune diseases is not clear. As mentioned above, the role of HLA class II molecules is to present antigens to the TCR, leading to the recruitment of large numbers of CD4^+^ T cells that specifically recognize antigenic peptides from extracellular pathogens and the activation of adaptive immune responses. Therefore, the associated alleles probably encode molecules that facilitate the presentation of some streptococcal peptides to T cells that later trigger autoimmune reactions mediated by molecular mimicry.

In summary, several alleles of the HLA class II genes appear to be the dominant contributors to the development of RF and RHD. Polymorphisms (SNPs and variable number of tandem repeat sequences of nucleotides) in genes involved with inflammatory responses and host defenses against pathogens that are associated with disease probably contribute to the development of valvular lesions and can determine the type of rheumatic valvular lesions (stenosis, regurgitation, or both) that occur in RHD patients.

RHEUMATIC FEVER AND RHEUMATIC HEART DISEASE ARE MEDIATED BY MOLECULAR MIMICRY BETWEEN S.PYOGENES AND HUMAN PROTEINS {#sec1-5}
===================================================================================================================

Molecular mimicry between components of B hemolyticus streptococci and human heart tissues is the central problem in the pathogenesis of ARF and RHD. The precise mechanisms are being investigated for many years, and some real progress in the understanding of the pathogenesis is occurring slowly.\[[@ref40]--[@ref43]\]

Both T and B lymphocytes can recognize pathogenic and self antigens via four different types of molecular mimicry: (1) identical amino acid sequences, (2) homologous but non-identical sequences, (3) common or similar amino acid sequences of different molecules (proteins, carbohydrates) and (4) structural similarities between the microbe or environmental agent and its host.\[[@ref43][@ref44]\] Autoimmune diseases from molecular mimicry may be facilitated because of the phenomena of epitope spreading and TCR degeneracy. Epitope spreading is the mechanism by which an ongoing immune response leads to reactivity against epitopes that are distinct from the original disease-inducing epitope\[[@ref43][@ref45]\] and degeneracy of TCRs, which allows the recognition of a broad spectrum of antigens (self and microbial antigens) by the same T lymphocyte through it\`s receptor.\[[@ref41][@ref42][@ref46]\]

The M protein is the most important antigenic structure of the *S. pyogenes* and shares structural homology with γ-helical coiled-coil human proteins such as cardiac myosin, tropomyosin, keratin, laminin, vimentin and several valvular proteins.\[[@ref40]--[@ref42][@ref47]\]

Several studies done in the last 50 years described the presence of cross-reactivity between human proteins and streptococcal antigens recognized by antibodies.\[[@ref40]\] Among these human proteins, cardiac myosin and vimentin seem to be the major targets of cross-reactive reactions, along with other intracellular valvular proteins. N-acetyl ß-D-glucosamine, a polysaccharide present in streptococcal cell wall, induces cross-reactivity against laminin, an extracellular matrix alpha helical coiled-coil protein present in the valves.\[[@ref40]\] By using affinity purified anti-myosin antibodies, Cunningham΄s group identified a five amino acid (Gln-Lys-Ser-Lys-Gln) epitope of the N-terminal M proteins of serotypes 5 and 6 (M5, M6) as being cross-reactive with cardiac myosin.\[[@ref40]\]

The interplay of humoral and cellular immune responses in RHD was recently demonstrated by Cunningham\'s group through two elegant studies. They showed that, in rheumatic carditis, antibodies that cross-react with streptococcal and human proteins bind to the endothelial surface and upregulate the adhesion molecule VCAM-1\[[@ref48]\], leading to inflammation, cellular infiltration and valve scarring.\[[@ref49]\] These data suggest that ARF may result from initial antibody mediated damage that later may be perpetuated by cell mediated inflammation.\[[@ref50]\]

Although antibodies in the sera of RF/RHD patients cross-react with several human proteins, we demonstrated that rheumatic heart disease lesions are mediated mainly by inflammatory cells and CD4^+^ T lymphocytes.\[[@ref51]\]

Studies performed in the last 25 years showed that CD4^+^ T cells are the major effectors of autoimmune reactions in the heart tissue in RHD patients.\[[@ref51]--[@ref53]\] The in vitro reactivity of peripheral T cells from RHD patients was evaluated in an early study that showed that these cells were able to recognize a 50- to 54-kDa myocardial protein fraction indicating autoreactivity to heart antigens, which was probably caused by streptococcal infection.\[[@ref54]\] The role of T cells in the pathogenesis of RF and RHD was demonstrated through the analysis of heart-tissue infiltrating T cell clones. We demonstrated for the first time that M5 protein peptides (residues 81-96 and 83-103) displayed cross-reactivity with valvular proteins by molecular mimicry.\[[@ref51]\] We also showed that valve-infiltrating T cells recognized cardiac myosin peptides by molecular mimicry and epitope spreading mechanisms.\[[@ref55]\] These immunodominant M5 epitopes were preferentially recognized by peripheral T lymphocytes from RHD patients, when compared with normal individuals, mainly in the context of HLA-DR7.\[[@ref56]\] These results suggested that autoreactive T cells migrate from the periphery to the site of heart lesions. Similarly, Yoshinaga *et al*.\[[@ref57]\] reported that T cell lines derived from heart valve specimens and PBMC from RF and RHD patients react with cell wall and membrane streptococcal antigens. These lymphocytes, however, did not cross-react with the M protein or mammalian cytoskeletal proteins.\[[@ref57]\]

Recently, two studies demonstrated mimicry between cardiac myosin and the streptococcal M protein and pointed out different patterns of T cell antigen cross-recognition. One of them focused on peripheral T cell clones from one patient with RHD, which recognized different alpha helical coiled-coil proteins, such as the streptococcal M protein, myosin, laminin and tropomyosin.\[[@ref58]\] The other study focused on the reactivity of intralesional T cell clones derived from myocardium and valvular tissue of six RHD patients against cardiac myosin, the streptococcal M5 protein and valve-derived proteins. A high frequency of reactive T cell clones was found (63%). These T cells displayed three patterns of cross-reactivity: (1) cardiac myosin and valve-derived proteins; (2) cardiac myosin and streptococcal M5 peptides; and (3) cardiac myosin, streptococcal M5 peptides and valve-derived proteins.\[[@ref55]\]

Using a proteomics approach, we showed that T cells recognize vimentin, further supporting the role of this protein as a putative autoantigen involved in rheumatic lesions. In addition, we identified myocardial and valvular autoantigens that were recognized by heart-infiltrating and peripheral T cells from RF/RHD patients. Novel heart tissue proteins were identified, including disulfide isomerase ER-60 precursor (PDIA3) protein and a 78-kDa glucose-regulated protein precursor (HSPA5).\[[@ref59]\] However, their role in RHD pathogenesis and other autoimmune diseases is not clear.

As mentioned above, both epitope spreading and the degeneracy of T cell receptors contributed to the amplification of cross-reactivity that leads to tissue damage.

By using a molecular approach, we evaluated Vb chain usage by TCRs and the degree of clonality of heart-tissue infiltrating T cells. In RHD, the autoreactive T lymphocytes that infiltrate both the myocardium and the valves were identified in oligoclonal expansions by analyzing their TCRs. A high number of T cell oligoclonal expansions were found in the valvular tissue, indicating that specific and cross-reactive T cells migrate to the valves.\[[@ref49]\]

An effective immune response depends on cytokine production. CD4^+^ T helper cells are crucial regulators of the adaptive immune response. Antigen-activated CD4^+^ T cells become polarized toward a Th1 or Th2 phenotype based on the cytokines they secrete. Th1 cells are involved with cellular immune response and produce IL-2, IFN-γ and TNF-α. Th2 cells mediate humoral and allergic immune responses and produce IL-4, IL-5 and IL-13. A new lineage of CD4^+^ T cells (Th17) was recently described and is characterized by the production of IL-17. *In vitro* studies indicated a proinflammatory function for IL-17, and its expression was found to be associated with some inflammatory and autoimmune diseases.\[[@ref60][@ref61]\]

The role of cytokines in RF/RHD was first evaluated by examining the sera of patients and peripheral mononuclear cells stimulated by streptococcal antigens. These samples showed increased amounts of proinflammatory cytokines (IL-1, IL-6, TNF-γ and IFN-α).\[[@ref62]\] Immunohistochemistry on heart tissue (myocardium and valves) from acute and chronic RHD patients, showed a large number of mononuclear cells able to secrete TNF-γ, IFN-α and the regulatory cytokine IL-10. Importantly, while a significant number of IL-4^+^ cells were found in the myocardium, these cells were very scarce in valve lesions in RHD patients. It is important to remember that valve damage and not myocarditis is the main problem in ARF. These observations indicated a role for balanced Th1/Th2 cytokines in healing myocarditis and in the induction of progressive and permanent valve damage.\[[@ref29]\] IL-17 and Il-23 (Th17 cytokines) were recently analyzed by immunohistochemistry in both myocardium and valvular tissue from RHD patients. We observed a large number of IL-17^+^ and IL-23^+^ heart-tissue infiltrating cells (unpublished results), showing that these cytokines also play an important role in the development of heart lesions.

ANIMAL MODELS OF RF/RHD {#sec1-6}
=======================

Humans are unique hosts for *S. pyogenes* infections.Several studies (in mice, rats, hamsters, rabbits and primates) have been done to find a suitable animal model in which to examine the autoimmune process leading to RF/RHD with little success.\[[@ref63]\] In the last decade, a model in Lewis rats has been developed that appears to be useful for the study of RF/RHD. These rats have already been used to induce experimental autoimmune myocarditis and study the pathogenesis of RF/RHD.\[[@ref64]--[@ref66]\]

Immunization of Lewis rats with recombinant M6 protein induced focal myocarditis, myocyte necrosis and valvular heart lesions in three out of six animals. The disease in these animals included verruca-like nodules and the presence of Anitschkow cells, which are large macrophages (also known as caterpillar cells), in mitral valves. Lymph node cells from these animals showed a proliferative response against cardiac myosin, but not skeletal myosin or actin. A CD4^+^ T cell line responsive to both the M protein and cardiac myosin was also obtained. Taken together, these results confirm the cross-reactivity between the M protein and cardiac myosin triggered by molecular mimicry, as observed in humans, possibly causing a break in tolerance leading to autoimmunity.\[[@ref67][@ref68]\]

Similarly, immunizing the Lewis rats with synthetic peptides from the conserved regions of M5 protein, or from B and C regions , or a recombinant M5 proteins have yielded focal myocarditis, infiltration with CD4+T cells, CD68^+^ macrophage but no typical aschoff\`s nodule.\[[@ref69]--[@ref72]\]

Thus the Lewis Rat model could be considered a model of autoimmune valvulitis akin to ARF.

PROSPECTIVE VACCINES AGAINST S. PYOGENES {#sec1-7}
========================================

Many studies have focused on developing a vaccine against *S. pyogenes* in order to prevent infection and its complications. There are four anti-group A streptococci (GAS) vaccine candidates based on the M protein and eight more candidates based on other streptococci antigens, including group A CHO, C5a peptidase (SCPA), cysteine protease (Spe B), binding proteins similar to fibronectin, opacity factor, lipoproteins, Spes (super antigens) and streptococcal pili.\[[@ref73]\]

A multivalent vaccine, currently under phase II clinical trials, combines the amino acid sequences of the N-terminal portion of the M protein from the 26 most common strains of GAS in the US as a recombinant protein.\[[@ref74]--[@ref76]\]

Because the C-terminal portion of the M protein is conserved among the 200 strains identified by their emm-types, vaccines based on this region are expected to provide broad coverage. The first attempt to develop a vaccine based on the C-terminal portion of the M protein was performed by Fischetti *et al*.\[[@ref77]\] This vaccine was able to induce protection against *S. pyogenes* containing homologous (M6) and heterologous (M14) M protein, demonstrating that the use of conserved region-derived peptides could induce protection against different serotypes.\[[@ref78]\]

Conserved epitopes from the M protein have been also studied by a group from Australia, where the incidence of streptococcal infections in aboriginal communities is very high. Two synthetic peptides from the M5 protein (J8 and J14) were selected, and several formulations presented promising results.\[[@ref79]--[@ref82]\] A combination of J8 and the fibronectin-binding repeats region (FNBR) of fibronectin I (SfbI) provided enhanced protection against *S. pyogenes* in mice.\[[@ref83]\]

We developed a vaccine epitope (StreptInCor) composed of 55 amino acid residues of the C-terminal portion of the M protein that encompasses both T and B cell protective epitopes.\[[@ref84]\]

The structural, chemical and biological properties of this peptide were evaluated and have shown that StreptInCor is a very stable molecule, an important property for a vaccine candidate.\[[@ref85]\] Furthermore, experiments with mice showed that this construct is immunogenic and safe.\[[@ref86]\]

The greatest challenge for the development of a GAS vaccine resides in the promotion of immunity without generating cross-reactivity with human tissue. An effective and safe vaccine is still needed, most of all in developing countries.

CONCLUSION {#sec1-8}
==========

Several genes involved in the control of infection and the immune response play a role in the development of RF and RHD. Some genes are associated with the innate immune response, and others with the adaptive immune response. Many of these genes are responsible for the inflammatory process and autoimmune reactions.

In rheumatic carditis, antibodies that cross-react with streptococcal and human proteins upregulate adhesion molecules, leading to inflammation and increased cellular infiltration. CD4^+^ T cells that cross-react with heart tissue and streptococcal antigens are the major effectors of heart lesions.

Large numbers of mononuclear cells that infiltrate rheumatic heart lesions produce inflammatory cytokines (TNF-γ and IFN-α) and the imbalance between these cells and the IL-4-producing Th2 cells in the valve tissue might contribute to the progression and maintenance of rheumatic valvular lesions. Th17 cells also play a role in the development of autoimmunity.

Several pathogenic M protein epitopes were identified that can induce cross-reactive responses against human proteins. Both epitope spreading and TCR degeneracy increase the possibility of cross-reactivity between infectious agents and self antigens.

An animal model of Lewis rat displays similar heart lesions to RHD and is considered a good model of the disease.

The development of a vaccine against *S. pyogenes* is an important goal and, given the number of ongoing studies, will probably be a reality in the near future.
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